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ABSTRACT
We explore the environmental dependence of star formation timescales in low mass galaxies using
the [α/Fe] abundance ratio as an evolutionary clock. We present integrated [α/Fe] measurements for
11 low mass (M⋆ ∼ 10
9 M⊙) early-type galaxies (ETGs) with a large range of cluster-centric distance
in the Virgo Cluster. We find a gradient in [α/Fe], where the galaxies closest to the cluster center (the
cD galaxy, M87) have the highest values. This trend is driven by galaxies within a projected radius
of 0.4 Mpc (0.26 times the virial radius of Virgo A), all of which have super-solar [α/Fe]. Galaxies
in this mass range exhibit a large scatter in the [α/Fe]–σ diagram, and do not obviously lie on an
extension of the relation defined by massive ETGs. In addition, we find a correlation between [α/Fe]
and globular cluster specific frequency (SN ), suggesting that low-mass ETGs that formed their stars
over a short period of time, were also efficient at forming massive star clusters. The innermost low-
mass ETGs in our sample have [α/Fe] values comparable to that of M87, implying that environment
is the controlling factor for star formation timescales in dense regions. These low-mass galaxies could
be the surviving counterparts of the objects that have already been accreted into the halo of M87, and
may be the link between present-day low-mass galaxies and the old, metal-poor, high-[α/Fe], high-SN
stellar populations seen in the outer halos of massive ETGs.
Subject headings: galaxies: abundance – galaxies: clusters: individual (Virgo) – galaxies: dwarf –
galaxies: formation – galaxies: star clusters
1. INTRODUCTION
Environment plays a critical role in the evolution
of low mass galaxies. Their relatively shallow poten-
tial wells make them most vulnerable to external in-
fluences, which can affect their gas content, star for-
mation history, morphology, and kinematics. For in-
stance, the fraction of quenched galaxies with masses be-
low 109 M⊙ depends strongly on the distance to a nearby
massive companion (van den Bergh 1994; Geha et al.
2012). Unlike their massive early-type counterparts,
whose spheroidal shapes are believed to be a result of
mergers, low-mass early-type galaxies (ETGs) are less
likely to have experienced major mergers in the clus-
ter environment because of their high relative veloc-
ities. Non-merger processes, however, are also able
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to quench and transform low-mass ETGs (i.e. ”dwarf
ETGs”, which is more commonly used; MB & −18).
Environmental processes such as ram pressure stripping
(Gunn & Gott 1972), harassment (Moore et al. 1996),
and tidal stirring (Mayer et al. 2001) all lead to lower
gas fractions and spheroidal morphology. In the simu-
lations of Mastropietro et al. (2005), a significant frac-
tion of a late-type galaxy’s disk is able to survive when
it falls into galaxy clusters. From observations, more
and more low-mass ETGs are found to have complex fine
structures in both morphology (such as arms and disks,
e.g., Jerjen et al. 2000; Barazza et al. 2002; Geha et al.
2003; Graham & Guzma´n 2003; De Rijcke et al. 2003;
Lisker et al. 2006; Ferrarese et al. 2006; Janz et al.
2012, 2014; Gue´rou et al. 2015) and kinematics (such
as rotating or counter-rotating, e.g. Pedraz et al.
2002; Simien & Prugniel 2002; Geha et al. 2002, 2003;
van Zee et al. 2004; Chilingarian 2009; Toloba et al.
2009, 2011; Rys´ et al. 2013, 2014; Toloba et al. 2014;
Gue´rou et al. 2015; Toloba et al. 2015) that are more
characteristic of disk galaxies. In addition, Lisker et al.
(2006) measured the fraction of light in spiral arm sub-
structures, taking into account their pitch angles as well,
and concluded that low mass ETGs with spiral struc-
ture truly are disk galaxies rather than just having a
small disk component. Therefore, there is evidence that
today’s dwarf ETGs may have had disk-dominated, gas-
rich progenitors, and that the transformation could have
been driven by environmental processes.
There is, however, also a different kind of environmen-
tal influence on low mass galaxies, one that is intrinsic
to the galaxy. ΛCDM simulations of large-scale struc-
ture show that dark matter halos with lower mass col-
2lapse first, and those ones located in denser environments
collapse earlier (e.g., Gao et al. 2005). Therefore, in the
ΛCDM picture, low mass galaxies in dense environments
formed in different kinds of dark matter halos—these ha-
los collapsed earlier, perhaps allowing an earlier start to
star formation, and they were also denser. Semi-analytic
models of galaxy formation show that low mass galax-
ies in denser regions have a narrower peak star forma-
tion rate (SFR), and the times at which the SFR peaked
are earlier than those for their counterparts in less dense
regions (De Lucia et al. 2006; Peng et al. 2008). Com-
bining these results leads to an expectation that dwarf
galaxies in denser regions had more intense star forma-
tion at earlier times.
A good place to study environmental effects, both “in-
ternal” and “external”, is in galaxy clusters. A galaxy
cluster typically samples a wide range of mass density,
from the cluster center to its outskirts. Galaxy clusters
also harbor a large fraction of the quenched (early-type)
galaxies in the Universe. The Virgo Cluster, as the near-
est galaxy cluster (D ∼16.5 Mpc), provides us with our
best opportunity to study a large number of faint, low
mass ETGs across a range of galaxy density.
One clue that low mass Virgo ETGs had
environmentally-influenced star formation histories
is from their globular cluster (GC) systems. The GC
specific frequency (SN , the ratio of the number of GCs
to stellar V -band luminosity) is an oft-used diagnostic
to compare a galaxy’s star cluster and star formation
histories. In local star forming galaxies, the mass of the
most massive young star cluster is directly correlated
with the current star formation rate (Weidner et al.
2004; Bastian 2008). Because GCs are often the most
massive star clusters produced in a galaxy’s evolution
(with nuclear clusters being the exception), the number
of GCs is a rough proxy for the fraction of a galaxy’s star
formation that occurred above a certain (high) threshold
SFR. In the denominator of GC specific frequency is
the total stellar luminosity (or mass) of a galaxy, which
represents the time-averaged SFR. In this context, SN
is a measure of how “peaked” a galaxy’s star formation
history was.
Using data from the ACS Virgo Cluster Survey
(ACSVCS; Coˆte´ et al. 2004), Peng et al. (2008) found
that dwarf ETGs closer to the dynamical center of the
Virgo A subcluster (the cD galaxy M87) had higher GC
specific frequencies. They interpreted this as evidence
that the dwarf ETGs in the dense, central regions, had
a more intense early star formation history that formed
more massive star clusters, i.e., they had higher peak
SFRs, forming more of their stars over a shorter period
of time.
There is a more direct way to test this idea, however,
and that is to measure the star formation timescales of
the stars themselves. The intensity of star formation
and the rapidity of quenching in galaxies are imprinted
on the age, metallicity, and abundance distributions of
the stars. While obtaining star-by-star formation histo-
ries for these galaxies is currently beyond our capability,
integrated spectra can still provide clues to the history
of the dominant stellar population. In particular, the al-
pha element-to-iron abundance ratio, [α/Fe], is a reliable
indicator of early star formation intensity. After star for-
mation begins, high-mass stars evolve the quickest and
return their gas and metals to the ISM as Type II su-
pernovae (SNe II). After ∼ 0.1 Gyr (Maoz et al. 2010),
Type Ia supernova (SNe Ia), which evolve from low mass
stars, begin to explode and return their gas and metals to
the ISM. Because SNe II ejecta have a higher [α/Fe] than
that of SNe Ia, the mean [α/Fe] of the galaxy stays high
at early times, but then decreases as SNe Ia appear. As
a result, galaxies that finish their star formation quickly
(more rapid star formation or earlier quenching, i.e., a
shorter star formation timescale) are expected to have
higher [α/Fe]. Measuring [α/Fe] of low mass ETGs tells
us about these galaxies’ average star formation timescale.
Moreover, if we do this for many galaxies at different radii
of the Virgo Cluster, we have a way to test whether envi-
ronment significantly affects the star formation timescale
in progenitors of today’s low mass ETGs.
Although this is a promising technique in principle,
there are many observational obstacles. The low sur-
face brightness (µB &22 mag/arcsec
2) of these low mass
ETGs makes it difficult to obtain spectra with signal-to-
noise (S/N) high enough to do stellar population analy-
ses. Also, the central regions of dwarf ETGs often host
a nuclear star cluster whose stellar populations may not
be indicative of the galaxy as a whole. These bright nu-
clei are typically younger and more metal-rich than the
main stellar bodies of galaxies, and they can contribute
a non-negligible amount of light in the central regions,
where long slit spectra are typically taken.
Nevertheless, there have been a few earlier stud-
ies, but only for the brightest dwarfs (Mr . −15.5).
Michielsen et al. (2008) found no difference in [α/Fe] be-
tween dwarf ETGs located in the field and the Virgo
Cluster, with measured values all scattered around solar.
Similarly, using a Virgo sample with a similar range of
age and metallicity, Paudel et al. (2010b) found no rela-
tion between [α/Fe] and local densities. These studies
did not exclude nuclear star clusters from their galaxy
spectra, probably due to insufficient S/N in the outer
regions of their slits, making interpreting these results
difficult.
Our solution to these problems is to use IFU (integral
field unit) spectroscopy. Using an IFU we can observe
a larger amount of area in the inner regions, where the
surface brightness is relatively higher, and we can ex-
clude spectra taken of the nucleus. By combining all the
spectra in these regions, we can obtain sufficient signal
to study fainter galaxies.
In this work, we present [α/Fe] measurements for the
main stellar bodies (excluding the nuclear light) of 11
Virgo low mass ETGs with a large range of cluster-centric
distance. The paper is structured as follows: §2 describes
sample selection, observation, and data reduction. §3
and §4 describe data analysis and results, respectively.
We discuss the application of our results and the relation
with globular cluster formation in §5, and list the main
conclusions in §6.
2. DATA
2.1. Sample
We used the HST/ACS Virgo Cluster Survey
(ACSVCS; Coˆte´ et al. 2004) as our parent sample. The
ACSVCS imaged 100 Virgo Cluster early-type galax-
ies (with BT < 16 mag). For these 100 galax-
3ies, the survey provides us with structural parame-
ters and photometry (Ferrarese et al. 2006), nuclear
properties (Coˆte´ et al. 2006), and globular cluster color
distributions (Peng et al. 2006), luminosity functions
(Jorda´n et al. 2007), and specific frequencies (Peng et al.
2008). The specific frequency (SN ) of globular clus-
ters is defined as the number of globular clusters (GCs)
per unit of galactic luminosity, normalized to MV =
−15 (Harris & van den Bergh 1981). Peng et al. (2008)
found that for ACSVCS galaxies fainter thanMz = −19,
SN has an environmental dependence. Those dwarf
galaxies that are closer to M87 typically have higher
SN . To explore the origin of this environmental depen-
dence, we selected 11 ETGs in the faintest 1.5 mag of
the ACSVCS sample (−17.5 < MV < −16) with the aim
of measuring their [α/Fe]. These galaxies cover a large
range of SN and cluster-centric distance (six are within
0.4 Mpc projected radius (Rp) from M87 and five have
0.4 < Rp < 1.5 Mpc). The basic parameters of our sam-
ple are listed in Table 1.
In Table 1, velocity dispersions (σe) for our sam-
ple galaxies are included. For four of these galaxies
(VCC 230, 1185, 1539, and 1545), we present previously
unpublished measurements. These measurements were
made using spectra taken with the Keck/ESI spectro-
graph (Sheinis et al. 2002) in February, 2003, and March,
2004. Exposure times of them varied from 2700s to
5400s, and the slit width was 0.′′75 or 1.′′0, depending
on the seeing conditions. The spectral dispersion was
11 km s−1 pixel−1. Line-of-sight integrated velocity dis-
persions were measured by broadening stellar templates,
as described in Section 4 of (Has¸egan et al. 2005). The
nuclei were excluded when summing up the light along
the slit.
2.2. Observations
The observations were performed with the Integral
Field Unit (IFU) (Allington-Smith et al. 2002) equipped
on the Gemini MultiObject Spectrograph (GMOS)
(Hook et al. 2004) at the Gemini South Telescope in
Chile. We used the B600 grating with the g′ filter in
two-slit mode (slit-B and slit-R). Each pseudo-slit con-
tains 750 hexagonal elements (750 lenslet-coupled fibers)
with a projected diameter of 0.′′2 each. A total of 1500
fibers are divided into 2 groups: 1000 are pointed to a
contiguous object field of 7′′ × 5′′, and the other 500 are
pointed to a 5′′ × 3.5′′ sky field, 1′ away from the center
of science field. Figure 1 shows the field of view super-
imposed on one of our sample galaxies, VCC 1545. Our
sample galaxies have sizes in the range 9′′ < Re < 31
′′,
where Re is the effective radius of a fitted Sersic´ profile
from Ferrarese et al. (2006). Thus, our field-of-view only
covers the central regions of our target galaxies.
The spectra were binned by a factor of two in the wave-
length direction, which reduces read noise and still over-
samples the line spread function, delivering a dispersion
of 0.9A˚/pixel. Each galaxy in our sample has four expo-
sures. To reach S/N = 50A˚
−1
at 5000A˚ (S/N = 67 per
binned pixel), the exposure time for individual galaxies
varies from 4× 400s to 4× 2000s, depending on the sur-
face brightness. Because the GMOS detectors consist of
three CCDs, there are two gaps in the wavelength direc-
tion. Therefore, we shift the central wavelength of two
Figure 1. Left: An image of VCC1545 taken by the Next Gen-
eration Virgo Cluster Survey (Ferrarese et al. 2012). The central
region within the green region is the 7′′ × 5′′ field of view of our
GMOS-IFU pointing. The horizontal direction is along the major
axis of the galaxy. Right: An image of VCC 1545 synthesized by
stacking the 3D data cubes of our IFU data along the wavelength
direction. The right side of the green vertical line is the region from
slit-R, the slit used in our work. It’s clear that the image of slit-B
is not smooth as the ”spaxels” inside are not linearly responding
flux, so we have ignored this slit in our analyses.
of the four exposures to dither across the CCD gaps.
Among our sample galaxies, VCC 1545 and VCC 1895
were observed in 2008A, and the others were observed
in 2009A. In 2008, GMOS’s middle CCD had a large
amount of pattern noise that was not removed with bias
subtraction, and also had many bad columns, which
made the data calibration difficult. For the spectra from
the left (B) slit, many important spectral features (Hβ ,
Mgb, and the Fe indices) all fell on the middle CCD. Ul-
timately, we decided not to use slit-B data since the S/N
was still high enough when combining spectra from only
slit-R. In order to maintain consistency across all galax-
ies in our sample in the calibration of stellar indices, we
also chose to exclude the spectra from the left slit taken
in 2009.
Using the same instrument, we also observed five
Lick standard stars (two G- and three K-type stars):
HD114946, HD134439, HD149161, HD184406, and
HD195633. As with the galaxies, each star was observed
with two exposures, one slightly offset from the other in
central wavelength to dither across the CCD gaps.
Although the line-of-sight distances are available
from the surface brightness fluctuations (SBF) work of
Mei et al. (2007) and Blakeslee et al. (2009), we use pro-
jected cluster-centric distance in the following discussion
because the SBF distances for our low-mass, low surface
brightness ETGs have large error bars. Our results do
not change if we use the 3-D distances.
2.3. Data Reduction
We first removed cosmic rays from individual
exposures using the L.A.Cosmic software package
(van Dokkum, 2001). Subsequently, we used the GMOS-
IFU IRAF pipeline to reduce the data, Because of our
targets’ low surface brightness, the level of the spec-
tral continua are sensitive to the time-variable sky level,
which means that the combined spectra can exhibit dis-
continuous jumps across the CCD gaps. Therefore, we
decided to normalize the spectra, keeping track of their
noise properties, before stacking them. We reduced all
the standard stars in exactly the same way.
All the galaxies in our sample contain nuclei (i.e., nu-
clear star clusters), some of which are bright and may
have a different stellar population from the main body
4Table 1
Properties of the low mass ETGs in our sample.
VCC RA Dec σe MV Mz M⋆ Rp SN SN,z
(J2000) (J2000) (km/s) (mag) (mag) (109L⊙) (Mpc)
0033 12h11m07.76s +14d16m29.8s 20.8± 4.9 −16.39 −17.01 0.43± 0.25 1.48 0.61± 1.17 0.34± 0.66
0230 12h17m19.64s +11d56m36.2s 27.3± 1.5 a −16.21 −16.96 0.69± 0.29 0.96 9.39± 2.19 4.73± 1.10
1087 12h28m14.90s +11d47m24.0s 42.0± 1.5 −17.79 −18.64 3.29± 1.07 0.25 5.07± 0.73 2.31± 0.33
1185 12h29m23.43s +12d27m02.4s 29.5± 0.8 a −16.77 −17.37 1.24± 0.42 0.10 2.73± 1.11 1.58± 0.64
1355 12h31m20.04s +14d06m53.5s 20.3± 4.7 −17.51 −18.16 1.82± 0.35 0.50 1.07± 0.56 0.59± 0.30
1407 12h32m02.69s +11d53m24.8s 31.9± 2.1 −16.72 −17.43 1.24± 0.42 0.17 10.18 ± 1.76 5.30± 0.92
1528 12h33m51.62s +13d19m21.3s 47.0± 1.4 −17.16 −18.04 1.63± 0.48 0.34 5.57± 1.04 2.46± 0.46
1539 12h34m06.77s +12d44m30.1s 23.8± 0.4 a −16.05 −17.12 0.52± 0.11 0.25 11.83 ± 2.67 4.40± 0.99
1545 12h34m11.54s +12d02m55.9s 38.0± 1.0 a −16.91 −17.74 1.41± 0.42 0.26 9.37± 1.52 4.34± 0.71
1695 12h36m54.87s +12d31m12.5s 24.4± 2.2 −17.49 −18.32 1.69± 0.78 0.43 1.45± 0.58 0.68± 0.27
1895 12h41m52.00s +09d24m10.3s 23.8± 3.0 −16.60 −17.29 0.76± 0.39 1.16 1.45± 0.99 0.76± 0.52
Note. — Coordinates are from Coˆte´ et al. (2004). σe for VCC 33, VCC 1087, VCC 1355, VCC 1407, VCC 1528, VCC 1695,
VCC 1895 are measured by Toloba et al. (2014). σe for the remaining galaxies are from Keck/ESI spectra described in the text. Other
parameters are from Peng et al. (2008). SN,z has the same definition as SN , but normalized to Mz = −15.
a Measured using Keck/ESI spectra.
of the galaxy (Coˆte´ et al. 2006; Paudel et al. 2010a). Be-
cause the intrinsic sizes of nuclei are much smaller than
the typical seeing of our observations (0.′′8), the nuclei are
essentially point sources. To exclude most of the nuclear
light, we excluded all spectra inside the full width half
maximum of a point source at the galaxy center when
combining the galaxy spectra. This region is a small
fraction of the total area covered by the IFU.
Figure 2 presents the final spectra on which we perform
our Lick index measurements. Red, green, blue and cyan
mark the wavelength regions for the Hβ , Mgb, Fe5270,
Fe5335 indices from Worthey et al. (1994) (absorption
lines and pseudo-continua), respectively. The 11 galaxies
are plotted in order of increasing projected distance from
M87.
3. STELLAR POPULATION ANALYSIS
3.1. Lick Indices
Lick indices were measured following the description
in Worthey et al. (1994) (Eq.(1)-(3)). To compare with
the Lick/IDS system, our medium-resolution spectra (∼
3A˚ FWHM at 5100A˚, σ ∼75 km/s) were broadened to
∼ 8.4− 10A˚. The typical velocity dispersion of low mass
ETGs is ∼50 km/s, which only changes the line width
by about 0.1A˚, much less than the errors in the measure-
ments, so we did not correct for the velocity dispersion.
We used the variance arrays produced by our data reduc-
tion process to calculate the errors following the method
of Cardiel et al. (1998). We checked to see if these un-
certainties are underestimated using a Monte Carlo ap-
proach, where we simulated the spectra using the known
pixel variances and re-measured the Lick indices. The
uncertainties we derived for the index measurements are
similar to those derived using the analytic method.
For each index, we calibrated the measurements us-
ing the weighted mean offsets (between observed and
published) for five observed Lick standard stars from
Worthey et al. (1994). These stars were chosen to span
a range of effective temperature and metallicity that en-
compassed the expected range for our target galaxies.
The 1σ uncertainties in the weighted mean difference
between our measurements and the measurements of
Worthey et al. (1994) are 0.058, 0.041, 0.046, and 0.035
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Figure 2. The normalized spectra of each galaxy, excluding nu-
clei. Red, green, blue and cyan mark the wavelength regions for
the Hβ , Mgb, Fe5270, Fe5335 indices (absorption line and pseudo-
continua), respectively. The plots are in order of increasing pro-
jected distance from M87 (left to right, then top to bottom).
5for Hβ, Mgb, Fe5270, and Fe5335, respectively. These
systematic uncertainties are smaller than the typical ran-
dom uncertainties in the index measurements. The cali-
brated indices for our target galaxies are listed in Table 2.
3.2. SSP model
We compared our observations to the models of
Thomas et al. (2003, hereafter TMB03). TMB03 pro-
vides grids of age, metallicity, and [α/Fe] corresponding
to different Lick indices. To better visualize the data at
low [α/Fe], we linearly extrapolated [α/Fe] to −0.3 and
interpolated it into a finer grid with [0.1 Gyr, 0.01 dex,
0.01 dex] interval of [age, [Z/H], and [α/Fe]]. We empha-
size that we are most interested in relative measurements
between our sample galaxies.
To maximize signal-to-noise, we chose indices redder
than ∼ 4500A˚. Within the wavelength range of our ob-
servation, the best choices are Hβ , Mgb, Fe5270, and
Fe5335, which together are influenced by the age, α-
element abundance, and metallicity. For each galaxy, we
found both the minimum χ2, and the reduced χ2 closest
to 1, finding that both criteria give the same results. We
then produce 1000 Gaussian-random distributed simu-
lated observations based on the observed errors for every
index, and we estimated the best-fit age, metallicity, and
[α/Fe] for each one. These results were used to deter-
mine the uncertainties at the 68% (1σ) confidence level.
The fitting results of the SSP parameters are listed in
Table 3. All the error bars in the table are limited to the
boundary of the model grids, i.e. a derived age plus its
error bar cannot be older than the oldest model, and the
same applies to metallicity and [α/Fe].
3.3. Model Grids
To give a more intuitive view, we plot these galaxies’
index measurements on the TMB03 model grids. In Fig-
ure 3, we plot Hβ versus [MgFe]
′, where
[MgFe]′ =
√
Mgb× (0.72Fe5270+ 0.28Fe5335). (1)
Three galaxies have Hβ values off the model grids in the
direction of old ages, but only two galaxies are more than
1σ away from the grid, and neither is 2σ away. We list
their ages with an lower limit of 12.0 Gyr. Among them,
VCC 1407 is in common with Toloba et al. (2014), and it
is off-grid in that study as well. Such off-grid phenomena
are not uncommon in studies of old stellar populations,
even for Milky Way GCs (e.g., Poole et al. 2010), and
indicate that the models are not complete.
One possibility is that weak Hβ absorption is due to
low level ofHβ emission filling in the line. In this case, we
would expect to see [O III] emission at 5007A˚, and possi-
ble [N I] emission, which might affect our Mgb measure-
ment. To test for the presence of weak emission, we mea-
sured the [O III]5007 index defined by Gonza´lez (1993)
(Table 2), for all 11 galaxies in our sample. None had
a negative value (emission). Following Buzzoni (2015),
we measured Fe5015 (corrected by Lick standard stars;
in Table 2) and calculated the intrinsic [O III] emission
([O III]′), with similar results. Thus, we are fairly con-
fident that weak emission is not affecting our line in-
dex measurements. As the [N I] doublet is not expected
to be observed without strong Hβ and [O III] emission
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Figure 3. The age-[Z/H] grid from the TMB03 model at
[α/Fe]=0. [MgFe]′ plotted along the x-axis, is chosen because
it is relatively insensitive to [α/Fe]. Solid and dashed lines repre-
sent constant metallicity (dex) and ages (Gyr), and the numbers
are given at the ends of each line. Eleven galaxies in our sample
are displayed as red crosses with index error bars. Three of them,
VCC 230, VCC 1407, and VCC 1539 are off-grid with low values
of Hβ , but VCC 1539 is not more than 1-σ away, and the other
two are within 2-σ of the oldest ages.
(Sarzi et al. 2006), our Mgb measurements should not be
compromised.
Another factor that can affect Balmer line strengths is
the morphology of the horizontal branch (HB) at low
metallicity in these galaxies. The models of TMB03
choose blue HBs below [Z/H]∼ −1, following the trend
seen in Galactic GCs. Redder HBs, however, would make
the grids move toward weaker Hβ at low metallicity. The
Maraston & Thomas (2000) models provide an option for
red HBs at low metallicity, and although their work is
based on solar-scaled abundances, we can use them to
examine the effects of HB morphology in our metallic-
ity range of interest. Assuming a red HB morphology,
all our data are located within the model grids. Thus,
a higher fraction of red HB stars than that in Galactic
GCs at low metallicity is a plausible reason for why a few
old galaxies are off the TMB03 model grid. Fortunately,
the parameter space of metallicity and [α/Fe], based on
Mgb, Fe5270, and Fe5335, is almost independent of the
age, and so our conclusions are not affected by this issue.
To visualize trends in [Z/H] and [α/Fe], we plot Mgb
against 〈Fe〉 in Figure 4, where 〈Fe〉 = (Fe5270 +
Fe5335)/2 is a combined index that is sensitive to iron
abundance, but not very sensitive to age. Figure 4 shows
our sample galaxies on the model grids for two different
ages (4 and 12 Gyr) to show how age affects the estimate
of [α/Fe]. We note that the relative values of [α/Fe]
are not very sensitive to the estimated age. The SSP-
equivalent age and metallicity are also determined in our
fitting procedure. We represent projected cluster-centric
distances by color, distance increasing from red to blue.
In these plots, we can begin to see that the inner low
mass ETGs generally have higher [α/Fe] than the outer
ones.
4. RESULTS
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Calibrated, integrated Lick index measurements
VCC Hβ [O III]
5007A˚
Fe5015 Mgb Fe5270 Fe5335
0033 2.42± 0.07 0.53± 0.04 4.34± 0.12 1.60± 0.07 1.63 ± 0.08 1.55± 0.09
0230 1.89± 0.10 0.87± 0.05 3.74± 0.15 1.63± 0.09 1.90 ± 0.10 1.33± 0.11
1087 1.82± 0.05 0.95± 0.03 4.61± 0.08 2.76± 0.05 2.37 ± 0.05 1.86± 0.06
1185 2.46± 0.15 0.63± 0.07 4.26± 0.23 2.96± 0.13 1.87 ± 0.14 2.04± 0.16
1355 2.24± 0.12 0.95± 0.06 5.84± 0.18 1.94± 0.11 1.77 ± 0.12 2.30± 0.14
1407 1.86± 0.07 0.67± 0.03 3.76± 0.10 2.45± 0.06 1.72 ± 0.07 1.30± 0.08
1528 2.20± 0.05 0.94± 0.03 4.45± 0.08 2.93± 0.05 2.63 ± 0.06 1.86± 0.07
1539 1.65± 0.19 0.85± 0.09 3.51± 0.29 2.86± 0.16 1.87 ± 0.18 2.40± 0.22
1545 1.73± 0.06 0.98± 0.03 4.74± 0.10 2.68± 0.06 2.66 ± 0.07 2.04± 0.08
1695 2.68± 0.07 0.68± 0.03 4.94± 0.11 1.62± 0.07 1.96 ± 0.07 1.63± 0.09
1895 2.90± 0.08 0.69± 0.04 3.59± 0.13 1.66± 0.08 1.85 ± 0.08 1.46± 0.10
Table 3
The SSP parameters of our sample galaxies.
VCC age(Gyr) [Z/H] [α/Fe]
0033 7.2+7.7
−0.9 −0.95
+0.09
−0.15 −0.08
+0.09
−0.15
0230 > 12.0 −1.01+0.04
−0.03 −0.10
+0.08
−0.05
1087 10.7+4.1
−1.7 −0.37
+0.07
−0.10 0.16
+0.04
−0.03
1185 3.2+1.4
−1.1 −0.16
+0.21
−0.09 0.29
+0.09
−0.14
1355 7.3+6.7
−2.6 −0.65
+0.17
−0.29 −0.13
+0.11
−0.17
1407 > 12.0 −0.75+0.02
−0.02 0.36
+0.04
−0.03
1528 4.4+0.6
−0.8 −0.13
+0.05
−0.03 0.14
+0.03
−0.03
1539 > 12.0 −0.43+0.12
−0.14 0.17
+0.14
−0.14
1545 11.8+3.0
−1.9 −0.34
+0.05
−0.10 0.03
+0.05
−0.05
1695 4.7+0.4
−1.0 −0.73
+0.13
−0.06 −0.16
+0.11
−0.07
1895 3.7+0.8
−0.8 −0.69
+0.11
−0.10 −0.04
+0.10
−0.04
Note. — The quoted uncertainties are the ranges encompassing
68% of the Monte Carlo realizations.
4.1. The [α/Fe]-σ relation
For more massive ETGs, there is a reasonably well-
defined relation between [α/Fe] and the velocity disper-
sion of the galaxy, where the more massive galaxies have
higher [α/Fe] (e.g., Thomas et al. 2005; Annibali et al.
2007; McDermid et al. 2015). In Figure 5, we repro-
duce the [α/Fe]−σ relation for 245 galaxies (black circles)
in the ATLAS3D sample (Cappellari et al. 2011), with
[α/Fe] measurements from McDermid et al. (2015) and
velocity dispersions from Cappellari et al. (2013). The
[α/Fe] we use here is measured within Re/2 of galaxies,
which is comparable to the scale on which we observe our
sample galaxies. McDermid et al. (2015) remark that the
ATLAS3D galaxies do show a tendency, at fixed mass, to
have higher [α/Fe] in denser environments, but velocity
dispersion (i.e., stellar mass) is still the main predictor
of [α/Fe]. The black solid line is the [α/Fe]-σ relation as
fit to these massive ETGs.
What we find for our low mass ETGs is quite differ-
ent. The [α/Fe] values for our Virgo low mass ETGs
have a large scatter at fixed σ. We show this in Fig-
ure 5, where we plot our sample alongside the more
massive, ATLAS3D galaxies (black circles). Red circles
and squares represent the seven low mass ETGs in our
sample that have velocity dispersion measurements from
Toloba et al. (2014) and our Keck observations, respec-
tively.
We note that the [α/Fe] values in the two samples were
derived using different models, with McDermid et al.
(2015) using a customized version of the Schiavon (2007)
models. Therefore, there may be some systematic uncer-
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Figure 4. The [Z/H]-[α/Fe] grids of TMB03 model at 4 Gyr and
12 Gyr ages. The indices are Mgb and 〈Fe〉, which are not very
sensitive to age variation. Both are metal lines, representing the
abundance of α-element and iron respectively. The 11 low mass
ETGs are plotted with colors from red to blue, representing in-
creasing projected distance to M87. The ones in the inner region
generally have higher [α/Fe].
tainties in comparing the two data sets. Our main point,
however, is to show that the relative measurements of
[α/Fe] in our low mass ETG sample shows a larger spread
than what is seen in the sample of higher mass ETGs.
Perhaps coincidentally, some of our low mass galaxies lie
along the extrapolation of the relation derived for more
massive ETGs. Some of the others, however, have [α/Fe]
values much higher than would be expected given their
velocity dispersion. The low mass ETGs, in fact, have a
spread in [α/Fe] values that span the full range of [α/Fe]
for the ATLAS3D galaxies.
4.2. [α/Fe] versus cluster-centric distance
The large spread in [α/Fe] values for our low mass ETG
sample suggests that there is another parameter control-
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Figure 5. [α/Fe]-σ diagram for ETGs. Black circles are from
ATLAS3D sample ([α/Fe] and velocity dispersion measurements
are from McDermid et al. 2015 and Cappellari et al. 2013 re-
spectively). The black dash line is the [α/Fe]-σ relation of massive
ETGs (fitted by black circles). Red circles and squares are the low
mass ETGs which have velocity dispersion measured by Toloba et
al. (2014) and Coˆte´ respectively. The [α/Fe]–σ relation for mas-
sive galaxies doesn’t work for low mass ones, for red symbols have
larger scatter than 1σ error of the relation.
ling their behavior. Given that these are low mass cluster
galaxies, environment is a natural candidate.
Figure 6 shows the environmental dependence of [α/Fe]
by plotting [α/Fe] versus the projected distance from
the center of the Virgo A subcluster, the cD galaxy,
M87. Within the inner 0.4 Mpc (0.26Rvir, where Rvir =
1.55 Mpc; Ferrarese et al. 2012), there is a gradient in
[α/Fe], where the low mass ETGs closer to the M87 have
higher values. In the outer regions, 0.4 < Rp < 1.5 Mpc,
[α/Fe] becomes flat and close to the solar value. For all
11 galaxies, the Spearman rank correlation coefficient is
−0.81. If taking into account only the 8 galaxies inside
0.6 Mpc (6 inside 0.4 Mpc plus 2 slightly further), it goes
to −0.92, which is at even higher significance. For refer-
ence, we also plot the [α/Fe] value for the center of M87
at Rp = 0 (McDermid et al. 2015).
Our results show that the spread in [α/Fe] at low ve-
locity dispersion can be explained as an environmental
effect, where the low mass ETGs closest to the cluster
center have the highest values. These values are similar
to those seen in more massive ETGs.
4.3. [α/Fe] and Globular Clusters
The strong trend that we see in [α/Fe] versus cluster-
centric distance (Figure 6) supports the idea that local
environment strongly influences the star formation histo-
ries of low mass Virgo ETGs. Although we cannot know
the star formation histories of these galaxies in detail,
the higher [α/Fe] values of the central ones tell us that
they had shorter periods of star formation than the outer
ones. For a similar amount of stellar mass produced, this
implies that the central low mass ETGs had higher peak
SFRs.
High star formation rates are believed to be one of
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Figure 6. The relation between SSP-equivalent [α/Fe] and pro-
jected distance from M87. The red triangle represents M87 within
Re/2 with 1-σ error bar, from the work of McDermid et al. (2015).
Black circles are the low mass ETGs in our sample. The error bars
represent 68% confidence levels. The parameter [α/Fe] decreases
with cluster-centric distance in the inner region, and then has a
flat distribution in the outer regions, at values close to solar. The
Spearman rank correlation coefficient is −0.81 ± 0.09 for all these
11 galaxies, and it becomes −0.92± 0.11 when only galaxies inside
0.6 Mpc are taking into account.
the necessary conditions for forming massive star clus-
ters (e.g., Larsen & Richtler 1999; Weidner et al. 2004;
Bastian 2008). Peng et al. (2008) suggested that the cen-
tral dwarf ETGs in Virgo must have had more intense
star formation, because they had higher overall globu-
lar cluster specific frequencies. In fact, all the low mass
galaxies in the ACSVCS with high SN were within the
central 1 Mpc around M87. For our sample of eleven
galaxies, we can now test if there is a correspondence
between SN and [α/Fe].
Figure 7 plots the relation between SN,z (specific fre-
quency normalized toMz = −15, as opposed to the usual
MV = −15) and distance from M87 for the ACSVCS
sample of low mass ETGs (defined as Mz > −19). This
plot shows the trend from Peng et al. (2008), where the
innermost ones have the highest SN,z. The eleven galax-
ies for which we have [α/Fe] measurements are labeled in
color, with the color representing the [α/Fe] values (from
blue to red as [α/Fe] increases). For reference, we also
show the SN,z value for M87. In Figure 8, we directly
plot [α/Fe] versus SN,z.
In both Figures 7 and 8, we can see a correlation be-
tween [α/Fe] and SN,z. With two exceptions (VCC 1185
and VCC 230), the inner low mass ETGs that have high
[α/Fe] also have higher GC specific frequencies. Tak-
ing into account all 11 galaxies, the Spearman rank cor-
relation coefficient (ρs) is 0.56. To determine its sig-
nificance, we performed bootstrapping resampling (5000
trials) where we calculated ρs after randomly scrambling
the association of [α/Fe] with SN,z in each trial. In the
end, only 170 out of 5000 trials had ρ ≥ 0.56. Our mea-
sured ρs for the actual data is thus larger than 96.6% of
random, scrambled realizations of the data. When using
8the Pearson correlation coefficient (ρp), which measures
linear correlations, it is 0.49 and larger than 86.5% of all
scrambled realizations. We contend that the measured
values of ρs and ρp imply a correlation between [α/Fe]
and SN,z, supporting the idea that rapid star formation
is associated with a higher mass fraction of globular clus-
ters.
One exception, VCC 1185, is the innermost galaxy in
our sample. It has a relatively high [α/Fe] measure-
ment of 0.29+0.09
−0.14 dex, but its SN,z is relatively low com-
pared to other low mass ETGs at this distance from
M87. Inspection of the distribution of GCs around
VCC 1185 from the ACSVCS imaging shows that it
is much more extended than other, comparable dwarfs
(Peng et al. 2008). We suspect that VCC 1185, being
only Rp = 100 kpc from M87, is already in the process
of having its GCs stripped by the larger galaxy. Low
mass galaxies in the ACSVCS that are closer to M87
(VCC 1327 and 1297) have SN,z values consistent with
zero, and the likely reason is tidal stripping. Although
we cannot prove that some of VCC 1185’s GCs have been
stripped, its apparent proximity to M87 makes it more
possible than for other galaxies in our sample, which
is why we consider its measured SN,z as a lower limit.
When excluding VCC 1185 from the correlation analysis
described above, we measure ρs = 0.62 and ρp = 0.64,
which is larger than 97.5% and 95.0% of the random,
scrambled trials respectively.
The other exception, VCC 230, is more difficult to
understand. Perhaps the one inconsistent fact about
VCC 230 is its high SN,z. It is nearly 1 Mpc away
from M87 in projected distance, and does not lie close to
any other massive galaxies in the cluster. Its low [α/Fe]
value is consistent with its mass and environment. It’s
high SN,z, however, is fairly certain. Its GCs are cen-
trally concentrated around the galaxy, and there is little
chance that they are background objects. Its luminosity-
weighted age and metallicity are also not peculiar (12 Gyr
and [Fe/H]= −1.0). One possible clue is that its GC lu-
minosity function is fairly narrow, with a Gaussian sigma
in the g-band of σg = 0.55 ± 0.20 (Jorda´n et al. 2007).
A narrow GCLF translates into a steeper mass function,
which suggests fewer massive GCs. If this lack of the
most massive GCs is due to formation, and not disrup-
tion or inspiral due to dynamical friction, then this might
be a hint that VCC 230’s peak star formation rate was
not quite as high as in other galaxies, despite still forming
a large total number of star clusters.
The linear fits shown in Figure 8 are for the full sample
(solid) and the sample excluding VCC 1185 and 230 (dot-
ted). Although these data are suggestive of a correlation
between these two quantities, more data are needed to
more firmly establish the relationship.
5. DISCUSSION
5.1. The Formation of Low Mass Cluster Galaxies
In this work, we have shown that the [α/Fe] of low-
mass early-type Virgo galaxies depends strongly on their
distance from the cluster center. This integrated [α/Fe]
is a rough clock that measures the luminosity-weighted
timescale for star formation in the galaxy, with higher
[α/Fe] values being due to a shorter duration (higher in-
tensity) of star formation. The trend that we see, where
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Figure 7. Projected cluster-centric distance and SN,z for low
mass ETGs withMz < −19 in the ACS Virgo Cluster Survey. The
grey circles are all the dwarf galaxies in the ACSVCS sample (from
Peng et al. (2008)), and the colored ones are from our sample. The
colors represent the [α/Fe] measurements, from low to high (blue
to red). The relatively high SN,z of M87 is added for comparison
(black triangle). Note that the few negative SN,z values result from
subtracting estimated numbers of GC contaminants from massive
neighbors and background galaxies. SN,z ≥ 0 for all galaxies,
within the uncertainties.
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Figure 8. SSP-derived [α/Fe] and SN,z (SN normalized in the
z′-band). [α/Fe] and SN,z show a positive correlation. The solid
line is fitted by excluding VCC1185, whose GC system may be in
the process of being tidally stripped, and the dashed line is fit by
excluding both VCC 1185 and VCC 230. The arrow on VCC 1185
represents our belief that the current SN,z value should be a lower
limit.
9the innermost low mass ETGs have higher [α/Fe] values
is consistent with the idea that galaxy evolution hap-
pens more quickly in denser environments. These galax-
ies may have fallen into the cluster halo earlier in their
evolution (Lisker et al. 2013), and had their gas reser-
voirs depleted or removed on faster timescales. Other
galaxy clusters have also shown hints of [α/Fe] gradi-
ents in low mass ETGs (e.g., Abell 496 and the Coma
cluster, Chilingarian et al. 2008 and Smith et al. 2009),
showing that the process is likely not unique to Virgo.
Supporting evidence also comes from higher redshift ob-
servations. Santos et al. (2015) found an inverse SFR-
density relation in a massive galaxy cluster at z = 1.58,
where the star formation rate in the cluster core is four
times higher than in the outskirts. A similar reversed
SFR-density relation is also found in the field at z ∼ 1
(Elbaz et al. 2007) and in a galaxy group at z = 1.62
(Tran et al. 2010), a trend that is reproduced by simula-
tions (Tonnesen & Cen 2014). These studies show that
environmental effects directly influence the early star for-
mation process, and not only through quenching.
5.2. The Build-up of Massive Galaxies
In the standard hierarchical model of galaxy assembly,
massive galaxies are built up by the accretion of satel-
lite galaxies, particularly in their outer regions. Cur-
rent “two-phase” models (Naab et al. 2009; Oser et al.
2010) echo the early ideas on the formation of the Galac-
tic halo (Searle & Zinn 1978; Coˆte´ et al. 1998). Obser-
vations of massive, compact high-redshift galaxies that
have no counterpart in the local Universe require a sig-
nificant amount of size growth that is currently best ex-
plained by the accretion of lower mass systems. One
of the challenges of understanding this model is that
most low mass galaxies studied to date have [α/Fe] val-
ues different from those in the stellar halos of massive
galaxies. Greene et al. (2012, 2013) measured the mean
ages, [Fe/H], and [α/Fe] for the outer halos of 25 mas-
sive ETGs, finding that these stellar populations had old
ages, relatively low metallicity ([Fe/H]∼ −0.5), and high
[α/Fe]∼ +0.3, a combination that had not been found in
the low mass galaxies that could plausibly form an ac-
creted population. As the relationship between [α/Fe]
and galaxy velocity dispersion shows (Figure 5), sim-
ple dry merging of lower mass systems along this rela-
tion cannot reproduce the [α/Fe] values of more massive
galaxies.
Greene et al. (2013) suggested that stars in the outer
halos of massive ETGs originated in low mass systems
whose star formation histories were truncated around
z ∼ 2. The innermost dwarf ETGs around M87 could
be a remnant of this population, as they have [Fe/H]
and [α/Fe] values that are similar to those seen in the
outer halos of massive ETGs. Figure 6 compares our
results (black circles) with the SSP-equivalent [α/Fe] of
M87 (red triangle; central Re/2) from McDermid et al.
(2015). As the cluster-centric distance decreases, the
[α/Fe] of low mass ETGs increases, and nearly meets the
value for M87 itself. While these kinds of low mass galax-
ies cannot themselves build up all of M87 stars (their
metallicities are too low, for instance), galaxies like them
may have been important contributors to the outer halo
stars and globular clusters. Although our data do not
require that the M87 halo be made up of galaxies like
the innermost dwarfs, the identification of this popula-
tion of old, low-[Fe/H], high-[α/Fe] low mass ETGs in the
vicinity of M87 suggests that this is a possibility. More-
over, the continuous and clear trend in [α/Fe] indicates
a correlation between environment and star formation
timescale, independent of mass. In these very dense re-
gions, at least, environment seems to be the dominant
factor controlling global star formation timescales.
5.3. The Formation of Globular Clusters
We also present, for the first time, a correlation be-
tween the stellar [α/Fe] (i.e., formation timescale) and
the specific frequency of globular clusters (i.e., mass frac-
tion in massive star clusters). This points the way to-
ward understanding the mechanisms underpinning the
varying mass fraction of GCs across a wide range of
galaxies. The question of why different galaxies have
different SN values has been an unsolved puzzle since
the quantity itself was defined (Harris & van den Bergh
1981; Harris 2001). Over fifteen years ago, we started
to understand that the GC mass fraction was roughly
constant across galaxies when taken as a fraction of ei-
ther the total baryonic mass (McLaughlin 1999) or to-
tal mass (Blakeslee et al. 1997; Blakeslee 1999). This
work was later refined across a wider range of galax-
ies using different ways to estimate galaxy total mass,
such as halo occupation modeling (e.g., Peng et al. 2008;
Spitler & Forbes 2009; Hudson et al. 2014), or stellar dy-
namics (Harris et al. 2013).
Although a simple scaling between the number of GCs
and the total mass of the system is both aesthetically ap-
pealing and provides a first-order description of the ex-
isting data, we still do not understand why GCs should
have such a scaling when the other stars in a galaxy do
not. Current thinking holds that GCs simply form at a
fixed fraction of total gas mass, while the formation of
the rest of the stars in a galaxy is subject to the vari-
ous feedback processes that produce a mass-dependent
star formation efficiency. The question of why the for-
mation of GCs should not be subject to these feedback
processes, however, is still an open one. One idea is
that the GCs form early in the star formation process
(Blakeslee et al. 1997; Harris & Harris 2002; Peng et al.
2008), making them little affected by the quenching pro-
cess. The result is that stronger quenching, which de-
creases the overall SF efficiency, leads to higher spe-
cific frequencies (Mistani et al. 2015). Another possi-
bility is that two galaxies can have similar SF efficien-
cies, but that the one with higher GC specific frequency
had a star formation history more conducive to the pro-
duction of massive star clusters, e.g., higher peak SFR
(Bastian 2008) or higher SFR density (Larsen & Richtler
2000). Yet another idea is that GC mass fraction is
telling us more about GC survival rather than forma-
tion. Kruijssen (2014) present a model where the dy-
namics of mergers remove young massive clusters from
dynamically hostile star forming disks, and deposit them
into the relatively benign halos of galaxies, allowing them
to survive.
Our results suggest that low mass galaxies with high
GC specific frequencies formed the bulk of their stellar
mass over a relatively short period of time. We still can-
not say, however, whether this is due to internal or exter-
nal processes. Not knowing the total masses of our sam-
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ple galaxies, we are not sure whether a constant GC mass
fraction can explain the observed SN . It is possible that
the inner ones have lower field star formation efficiencies,
perhaps due to environmentally-induced processes like
ram pressure stripping, resulting in higher SN . It is also
possible that these central low mass ETGs had a star for-
mation history that was more efficient at producing mas-
sive star clusters. It is likely that some combination of
these two effects is involved. If merging is important for
the formation (Li & Gnedin 2014) or survival (Kruijssen
2014) of GCs then perhaps merging also results in faster
quenching times that would boost [α/Fe]. However the
GCs are produced, the high-SN , high-[α/Fe] stellar pop-
ulations of the low-mass ETGs in the Virgo cluster core
are quite similar to the stellar halos of massive ETGs,
indicating a likely connection.
6. CONCLUSIONS
We present integrated non-nuclear spectra and [α/Fe]
measurements for 11 low mass ETGs in the Virgo Cluster
at a range of distances from the cD galaxy, M87. Our
sample was also chosen to have a range of globular cluster
SN . Our main conclusions are:
• We find a clear environmental dependence for
[α/Fe], with low mass early-type galaxies closer to
M87 having higher [α/Fe] values. Within the in-
nermost 0.4 Mpc (projected), low mass ETGs in
our sample have super-solar [α/Fe], while those in
the outer regions have values around solar.
• The inward extrapolation of the [α/Fe] gradient
with distance matches the [α/Fe] value for M87 it-
self. This suggests that star formation timescales in
the Virgo core are regulated by environment, and
that our high-[α/Fe] galaxies may be transition ob-
jects between those farther out and the ones that
have already been accreted into the M87 halo.
• The high [α/Fe] galaxies in our sample galaxies do
not lie on the [α/Fe]–σ relation, indicating that the
[α/Fe] of low mass ETGs in the cluster environment
are not mainly driven by their mass.
• The [α/Fe] values of low mass ETGs correlate with
globular cluster SN . This suggests that the high-
SN galaxies had either a higher early star formation
rate (or intensity), or a shorter timescale of star
formation (i.e., faster quenching in the epoch of
field star formation).
Our results imply that low mass ETGs in dense en-
vironments were formed (and perhaps also quenched)
rapidly, and that they were efficient at forming, or re-
taining, massive star clusters. These galaxies are likely
most similar to the objects accreted into the M87 halo.
Future chemical abundance and dynamical mass mea-
surements in these low mass ETGs will be helpful for
determining the formation histories of these galaxies and
their globular clusters.
YQL thanks the Gemini Observatory Helpdesk for
their kind and helpful assistance with data reduction.
She also thanks Jun Hou for useful discussions on stellar
population models. YQL and EWP acknowledge support
from the National Natural Science Foundation of China
under Grant Nos. 11173003 and 11573002, and from the
Strategic Priority Research Program, “The Emergence
of Cosmological Structures”, of the Chinese Academy of
Sciences, Grant No. XDB09000105. THP acknowledges
support through FONDECYT Regular Project Grant
No. 1121005. Both AJ and THP acknowledge sup-
port from BASAL Center for Astrophysics and Associ-
ated Technologies (PFB-06). HXZ acknowledges sup-
port from China Postdoctoral Science Foundation under
Grant No. 552101480582. HXZ also acknowledges sup-
port from CAS-CONICYT Postdoctoral Fellowship, ad-
ministered by the Chinese Academy of Sciences South
America Center for Astronomy (CASSACA).
Based on observations obtained at the Gemini Obser-
vatory (acquired through the Gemini Science Archive
and processed using the Gemini IRAF package), which
is operated by the Association of Universities for Re-
search in Astronomy, Inc., under a cooperative agree-
ment with the NSF on behalf of the Gemini partnership:
the National Science Foundation (United States), the Na-
tional Research Council (Canada), CONICYT (Chile),
the Australian Research Council (Australia), Ministe´rio
da Cieˆncia, Tecnologia e Inovac¸a˜o (Brazil) and Ministe-
rio de Ciencia, Tecnolog´ıa e Innovacio´n Productiva (Ar-
gentina). Data for this paper were obtained through pro-
gram numbers: GS-2008A-Q-33 and GS-2009A-Q-11.
Some of the data presented herein were obtained at the
W.M. Keck Observatory, which is operated as a scientific
partnership among the California Institute of Technol-
ogy, the University of California and the National Aero-
nautics and Space Administration. The Observatory was
made possible by the generous financial support of the
W.M. Keck Foundation. The authors wish to recognize
and acknowledge the very significant cultural role and
reverence that the summit of Maunakea has always had
within the indigenous Hawaiian community. We are most
fortunate to have the opportunity to conduct observa-
tions from this mountain.
REFERENCES
Allington-Smith, J., et al. 2002, PASP, 114, 892
Annibali, F., Bressan, A., Rampazzo, R., Zeilinger, W. W., &
Danese, L. 2007, A&A, 463, 455
Barazza, F. D., Binggeli, B., & Jerjen, H. 2002, A&A, 391, 823
Bastian, N. 2008, MNRAS, 390, 759
Blakeslee, J. P. 1999, AJ, 118, 1506
Blakeslee, J. P., Tonry, J. L., & Metzger, M. R. 1997, AJ, 114, 482
Blakeslee, J. P., et al. 2009, ApJ, 694, 556
Buzzoni, A. 2015, MNRAS, 449, 296
Cappellari, M., et al. 2011, MNRAS, 413, 813
—. 2013, MNRAS, 432, 1862
Cardiel, N., Gorgas, J., Cenarro, J., & Gonzalez, J. J. 1998,
A&AS, 127, 597
Chilingarian, I. V. 2009, MNRAS, 394, 1229
Chilingarian, I. V., Cayatte, V., Durret, F., Adami, C.,
Balkowski, C., Chemin, L., Lagana´, T. F., & Prugniel, P. 2008,
A&A, 486, 85
Coˆte´, P., Marzke, R. O., & West, M. J. 1998, ApJ, 501, 554
Coˆte´, P., et al. 2004, ApJS, 153, 223
—. 2006, ApJS, 165, 57
De Lucia, G., Springel, V., White, S. D. M., Croton, D., &
Kauffmann, G. 2006, MNRAS, 366, 499
De Rijcke, S., Dejonghe, H., Zeilinger, W. W., & Hau, G. K. T.
2003, A&A, 400, 119
Elbaz, D., et al. 2007, A&A, 468, 33
11
Ferrarese, L., et al. 2006, ApJS, 164, 334
—. 2012, ApJS, 200, 4
Gao, L., Springel, V., & White, S. D. M. 2005, MNRAS, 363, L66
Geha, M., Blanton, M. R., Yan, R., & Tinker, J. L. 2012, ApJ,
757, 85
Geha, M., Guhathakurta, P., & van der Marel, R. P. 2002, AJ,
124, 3073
—. 2003, AJ, 126, 1794
Gonza´lez, J. J. 1993, PhD thesis, Thesis (PH.D.)–UNIVERSITY
OF CALIFORNIA, SANTA CRUZ, 1993.Source: Dissertation
Abstracts International, Volume: 54-05, Section: B, page: 2551.
Graham, A. W., & Guzma´n, R. 2003, AJ, 125, 2936
Greene, J. E., Murphy, J. D., Comerford, J. M., Gebhardt, K., &
Adams, J. J. 2012, ApJ, 750, 32
Greene, J. E., Murphy, J. D., Graves, G. J., Gunn, J. E.,
Raskutti, S., Comerford, J. M., & Gebhardt, K. 2013, ApJ,
776, 64
Gue´rou, A., Emsellem, E., McDermid, R., Coˆte´, P., & Ferrarese,
L. 2015, ApJ
Gunn, J. E., & Gott, III, J. R. 1972, ApJ, 176, 1
Has¸egan, M., et al. 2005, ApJ, 627, 203
Harris, W. E. 2001, ArXiv Astrophysics e-prints
Harris, W. E., & Harris, G. L. H. 2002, AJ, 123, 3108
Harris, W. E., Harris, G. L. H., & Alessi, M. 2013, ApJ, 772, 82
Harris, W. E., & van den Bergh, S. 1981, AJ, 86, 1627
Hook, I. M., Jørgensen, I., Allington-Smith, J. R., Davies, R. L.,
Metcalfe, N., Murowinski, R. G., & Crampton, D. 2004, PASP,
116, 425
Hudson, M. J., Harris, G. L., & Harris, W. E. 2014, ApJ, 787, L5
Janz, J., et al. 2012, ApJ, 745, L24
—. 2014, ApJ, 786, 105
Jerjen, H., Kalnajs, A., & Binggeli, B. 2000, A&A, 358, 845
Jorda´n, A., et al. 2007, ApJS, 171, 101
Kruijssen, J. M. D. 2014, Classical and Quantum Gravity, 31,
244006
Larsen, S. S., & Richtler, T. 1999, A&A, 345, 59
—. 2000, A&A, 354, 836
Li, H., & Gnedin, O. Y. 2014, ApJ, 796, 10
Lisker, T., Grebel, E. K., & Binggeli, B. 2006, AJ, 132, 497
Lisker, T., Weinmann, S. M., Janz, J., & Meyer, H. T. 2013,
MNRAS, 432, 1162
Maoz, D., Sharon, K., & Gal-Yam, A. 2010, ApJ, 722, 1879
Maraston, C., & Thomas, D. 2000, ApJ, 541, 126
Mastropietro, C., Moore, B., Mayer, L., Debattista, V. P.,
Piffaretti, R., & Stadel, J. 2005, MNRAS, 364, 607
Mayer, L., Governato, F., Colpi, M., Moore, B., Quinn, T.,
Wadsley, J., Stadel, J., & Lake, G. 2001, ApJ, 559, 754
McDermid, R. M., et al. 2015, ArXiv e-prints
McLaughlin, D. E. 1999, AJ, 117, 2398
Mei, S., et al. 2007, ApJ, 655, 144
Michielsen, D., et al. 2008, MNRAS, 385, 1374
Mistani, P. A., et al. 2015, ArXiv e-prints
Moore, B., Katz, N., Lake, G., Dressler, A., & Oemler, A. 1996,
Nature, 379, 613
Naab, T., Johansson, P. H., & Ostriker, J. P. 2009, ApJ, 699,
L178
Oser, L., Ostriker, J. P., Naab, T., Johansson, P. H., & Burkert,
A. 2010, ApJ, 725, 2312
Paudel, S., Lisker, T., & Janz, J. 2010a, ApJ, 724, L64
Paudel, S., Lisker, T., Kuntschner, H., Grebel, E. K., & Glatt, K.
2010b, MNRAS, 405, 800
Pedraz, S., Gorgas, J., Cardiel, N., Sa´nchez-Bla´zquez, P., &
Guzma´n, R. 2002, MNRAS, 332, L59
Peng, E. W., et al. 2006, ApJ, 639, 95
—. 2008, ApJ, 681, 197
Poole, V., Worthey, G., Lee, H.-c., & Serven, J. 2010, AJ, 139,
809
Rys´, A., Falco´n-Barroso, J., & van de Ven, G. 2013, MNRAS,
428, 2980
Rys´, A., van de Ven, G., & Falco´n-Barroso, J. 2014, MNRAS,
439, 284
Santos, J. S., et al. 2015, MNRAS, 447, L65
Sarzi, M., et al. 2006, MNRAS, 366, 1151
Schiavon, R. P. 2007, ApJS, 171, 146
Searle, L., & Zinn, R. 1978, ApJ, 225, 357
Sheinis, A. I., Bolte, M., Epps, H. W., Kibrick, R. I., Miller, J. S.,
Radovan, M. V., Bigelow, B. C., & Sutin, B. M. 2002, PASP,
114, 851
Simien, F., & Prugniel, P. 2002, A&A, 384, 371
Smith, R. J., Lucey, J. R., Hudson, M. J., Allanson, S. P.,
Bridges, T. J., Hornschemeier, A. E., Marzke, R. O., & Miller,
N. A. 2009, MNRAS, 392, 1265
Spitler, L. R., & Forbes, D. A. 2009, MNRAS, 392, L1
Thomas, D., Maraston, C., & Bender, R. 2003, MNRAS, 339, 897
Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira, C.
2005, ApJ, 621, 673
Toloba, E., Boselli, A., Cenarro, A. J., Peletier, R. F., Gorgas, J.,
Gil de Paz, A., & Mun˜oz-Mateos, J. C. 2011, A&A, 526, A114
Toloba, E., et al. 2009, ApJ, 707, L17
—. 2014, ApJS, 215, 17
—. 2015, ApJ, 799, 172
Tonnesen, S., & Cen, R. 2014, ApJ, 788, 133
Tran, K.-V. H., et al. 2010, ApJ, 719, L126
van den Bergh, S. 1994, ApJ, 428, 617
van Dokkum, P. G. 2001, PASP, 113, 1420
van Zee, L., Skillman, E. D., & Haynes, M. P. 2004, AJ, 128, 121
Weidner, C., Kroupa, P., & Larsen, S. S. 2004, MNRAS, 350, 1503
Worthey, G., Faber, S. M., Gonzalez, J. J., & Burstein, D. 1994,
ApJS, 94, 687
